Abstract: This paper aims to propose and conduct a practical demonstration of a flexible two-way phase modulation (PM)-based fiber-free-space optical (FSO) convergence system employing one optical carrier transmission scheme and vertical cavity surface emitting laser (VCSEL)-based tunable optical band-pass filter (TOBPF). One optical carrier is delivered to efficaciously reduce the dispersion effect caused by a 40-km single-mode fiber (SMF) transportation and the distortion caused by beating among multiple optical sidebands. Using a VCSEL-based TOBPF at the receiving site, the selected optical signal will be acquired flexibly from one of the multiple injected optical signals. This is the first time that an optical carrier transmission scheme and a VCSEL-based TOBPF are used in a two-way PM-based fiber-FSO convergence system. The downstream light is flexibly phase-remodulated with microwave/millimeter-wave data signal for uplink delivery. In-depth observation shows that bit error rate performs brilliantly via a 40-km SMF transportation with a 100-m FSO link. Such a flexible two-way PM-based fiber-FSO convergence system would be very attractive for the integration of fiber backbone and indoor networks to provide data signal flexibly.
Introduction
Fiber-to-the-home (FTTH) revolutionizes the way people live, work, and play. People are pulling through the demands for higher performances via the increase in video streaming, 3D TV, and game playing. FTTH is the architecture capable of delivering services demanded by end-users [1] - [3] . Single-mode fiber (SMF) with vast bandwidth and low transmission loss traits provides an ideal way to deliver optical signal with high speed and high quality. SMF has established an unswayable position in fiber backbone network. As the SMF is adopted for last-mile application, practical challenges such as deployment convenience and simplicity need to be overcome. A technician with high-precision tools to install SMF inside a building is required. Thus, the installation of SMF for the end-user is comparatively complex. Consequently, last-mile solution becomes a critical issue to deliver high speed and high quality optical signal from the central station to the premises. To solve the last-mile problem, a transmission medium different from the SMF is needed. Over the past few years, free-space optical (FSO) communication has been developed with its promising traits for last-mile application [4] - [6] . Apparently, FSO communication is an excellent conjunction to converge the fiber backbone and the indoor networks.
With the rapid development of lightwave transport systems, increasing demands push the necessity for high-speed and high-capacity applications, not only for the SMF-based backbone network but also for the FSO-based last-mile application. A fiber-FSO convergence system (as illustrated in Fig. 1 ) can distribute multiple gigabits of data signal through the vast bandwidth of optical fiber and the mobility of FSO communication. A fiber-FSO convergence system is advantageous because it can use the competence of optical fiber and FSO communications and can supply heterogeneous services by means of fiber long-haul and FSO short-range characteristics [7] - [9] . In this demonstration, a flexible two-way phase modulation (PM)-based fiber-FSO convergence system with one optical carrier transmission scheme and vertical cavity surface emitting laser (VCSEL)-based tunable optical band-pass filter (TOBPF) is proposed and experimentally demonstrated. This proposed flexible two-way PM-based fiber-FSO convergence system is developed for the downlink/uplink transmission of 10 Gbps/20 GHz microwave (MW) or 20 Gbps/50 GHz millimeter-wave (MMW) data signal. One optical carrier is transmitted to effectively reduce the dispersion effect induced by a 40-km single-mode fiber (SMF) delivery and the distortion produced by the beating among multi-sideband. Using a VCSEL-based TOBPF, one of the phase-modulated optical signals will be selected flexibly at the receiving site. The passband window of the VCSEL-based TOBPF can be shifted by varying the VCSEL driving current to flexibly select the optical signal. In addition, the VCSEL-based TOBPF also functions as a PM-to-intensity modulation (IM) converter to convert the selected phase-modulated optical signal into the intensity-modulated optical signal [10] . Such VCSEL-based PM-to-IM converter is competitive because costly delay interferometer [11] or elaborated external optical waveguide interferometer [12] to create a PM-to-IM conversion is not required. To be the foremost one of adopting one optical carrier transmission scheme and VCSELbased TOBPF in such two-way PM-based fiber-FSO convergence system, the downstream light is flexibly phase-remodulated with MW or MMW data signal for uplink transmission. The performances of downstream and upstream data signals have been evaluated in view of bit error rate (BER). In-depth observation shows that BER performs brilliantly via a 40-km SMF transportation with a 100-m FSO delivery. This flexible two-way PM-based fiber-FSO convergence system reveals a prominent one not only to present its advancement for the integration of fiber backbone and indoor networks but also to provide the benefits of a flexible convergence system for supplying dynamic service, such as telecommunication or 5G mobile networks. Fig. 2 illustrates the configuration of the proposed flexible two-way PM-based fiber-FSO convergence system employing one optical carrier transmission scheme and VCSEL-based TOBPF. In system I, the optical output of distributed feedback laser diode (DFB LD) (λ c = 1540.16 nm) (Qphotonics QDFBLD-1550-5AX) is directly sent to an erbium-doped fiber amplifier (EDFA) (FS.COM CEDFA-O17) to boost the optical power. The operation current and output power of DFB LD are 50 mA and 5 mW, respectively. As for EDFA, the output power and noise figure of EDFA are 17 dBm and 4.5 dB at an input power of 0 dBm, respectively. A variable optical attenuator (VOA) is placed after the EDFA to suppress the distortion with decreasing optical power launched into the fiber. Through a 40-km SMF transportation, the optical signal is sent to a phase modulator (Thorlabs LN66S-FC) for phase-modulated hybrid 10 Gbps/20 GHz MW and 20 Gbps/50 GHz MMW data signals (red and solid line frame). Appropriate hybrid 10 Gbps/20 GHz MW and 20 Gbps/50 GHz MMW data signals are applied to the phase modulator. Only the first-order sidebands (−1 and +1 sidebands) are created, and the central wavelength of the first-order sidebands are 20 GHz (0.16 nm) and 50 GHz (0.4 nm) away from the optical carrier. Phase-modulated optical signals are sent to a VCSEL-based TOBPF to flexibly filter one of the optical signals. Such VCSEL-based TOBPF comprises a 3-port optical circulator (Thorlabs 6015-3-APC), a polarization controller (Thorlabs FPC561), and a VCSEL (Optilab VCSEL-1550-SM). The optical spectrum before the VCSELbased TOBPF is shown in Fig. 3(a) [inset (i) of Fig. 2 ]. As the 20 Gbps/50 GHz MMW data signal is flexibly filtered by the VCSEL-based TOBPF, an injection locking improves the intensity of the upper sideband [13] and generates the optical spectrum as shown in Fig. 3 
Experimental Setup
The central wavelength of the +1 sideband is 0.4 nm (50 GHz) away from the optical carrier, and a phase-modulated optical signal is transferred into an intensity-modulated optical signal. Following the VCSEL-based TOBPF output, the optical signal is split into two portions by a 1 × 2 optical splitter. One portion of optical signal goes through a 50 G/100 G optical interleaver (OIL) (Photop 50G/100G optical interleaver), whereas the other portion of optical signal passes through a 20G/40G OIL (customized). The OIL has two outputs, one of the outputs has the optical signal only with the optical sideband (+1 sideband), and another output has the optical signal only with the central carrier (0 sideband). Given that the 20 Gbps/50 GHz MMW data signal is flexibly picked, the 50G/100G OIL is operated under such condition. The optical spectrum for the 50G/100G OIL output with +1 sideband is presented in Fig. 3(c) [inset (iii) of Fig. 2] . Following the 50 G/100 G OIL output with +1 sideband, the optical signal is amplified by an EDFA, adjusted by a VOA, and sent to a 100-m FSO delivery. The FSO delivery implements the optical wireless communication employing a couple of doublet lenses. Through a 100-m FSO delivery, the optical signal with 20 Gbps data stream is directly detected by a 20-GHz photodiode (PD) (Optilab PD-20), and promoted by a 20-GHz low noise amplifier (LNA) with a low noise figure of around 1.2 dB (Quantum Microwave LNF-LNR6_20A). Subsequently, the received 20 Gbps data stream reaches a BER tester (BERT) (Anritsu MP1900A) after being electrically equalized by a linear equalizer (Tektronix LE320). Linear equalization refers to an enhancement scheme to enhance the magnitudes of high frequencies in comparison with those magnitudes of low frequencies [14] - [16] . The function of the linear equalizer is to render the frequency response and improve the BER performance.
In the same manner, as the 10 Gbps/20 GHz MMW data signal is flexibly selected by the VCSELbased TOBPF, an injection locking improves the intensity of the upper sideband and generates the optical spectrum as shown in Fig. 3(d) [inset (iv) of Fig. 2] . Obviously, the central wavelength of the +1 sideband is 0.16 nm (20 GHz) away from the optical carrier. Given that the 10 Gbps/ 20 GHz MW data signal is flexibly selected, the 20G/40G OIL is operated under such condition. The optical spectrum for the 20G/40G OIL output with +1 sideband is given in Fig. 3(e) [inset (v) of . Following the 20G/40G OIL output with +1 sideband, the optical signal is amplified by an EDFA, adjusted by a VOA, and supplied to a 100-m FSO delivery. Via a 100-m FSO delivery, the optical signal with 10 Gbps data stream is directly received by a PD, promoted by a LNA, electrical equalization by a linear equalizer, and reached to a BERT for BER value measurement.
For uplink delivery, following the 50G/100G (20G/40G) OIL output with 0 sideband (central carrier), the optical signal is boosted by an EDFA, adjusted by a VOA, and delivered through a 40-km SMF transportation. Two 40-km SMFs are utilized for downlink and uplink deliveries to avoid signal interferences and to optimize overall transmission performances. The optical spectrum for the 50G/100G (20G/40G) OIL output with 0 sideband (central carrier) is given in Fig. 3(f) [inset (vi) of Fig. 2] . Through a 40-km SMF transportation, the optical signal is sent to a phase modulator for phase-modulated hybrid 10 Gbps/20 GHz MW and 20 Gbps/50 GHz MMW data signals (red and solid line frame). The phase-modulated optical signals are sent to a VCSEL-based TOBPF to flexibly filter one of the optical signals. The filtered optical signal is separated into two parts by an optical splitter. Following the 50G/100G (20G/40G) OIL output with +1 sideband, the optical signal is promoted by an EDFA, adjusted by a VOA, and sent to a 100-m FSO delivery. Over a 100-m FSO delivery, the optical signal with 20 Gbps (10 Gbps) data stream is directly received by a PD, boosted by a LNA, electrical equalization by a linear equalizer, and reached to a BERT for BER value measurement. In system II, the optical output of DFB LD is directly sent to a phase modulator for phasemodulated hybrid 10 Gbps/20 GHz MW and 20 Gbps/50 GHz MMW data signals (red and dashed line frame). The phase-modulated optical signals are promoted by an EDFA, adjusted by a VOA, and delivered via a 40-km SMF transportation. The biggest difference between systems I and II is the location of the phase modulator. In system I, the phase modulator is located in back of 40 km SMF for downlink and uplink deliveries. 
Experimental Results and Discussion
Wavelength stabilization is vital for VCSEL under injection locking. The outer boundary of the locking range for laser under light injection is given by [17] 
where k and α are coupling coefficient between injected field and laser field, I i n and I m denote injected field and laser mode field intensity, and ω is the locking range. If the injection locking behavior doesn't happen, then the conversion effect will not work. If the injection locking behavior happens, however, the main mode of the VCSEL can be adjusted to match the upper sideband (+1 sideband) of the phase-modulated optical signal by adjusting the VCSEL driving current. Additionally, to avoid the shift of the passband window produced by temperature fluctuation, a temperature controller is utilized in the VCSEL emitter. The wavelength deviation of the VCSEL with temperature controller is 0.03 nm/°C. With changing VCSEL driving current, the passband window of the VCSEL-based TOBPF changes as well. Table 1 For doublet lenses, the doublet lens1 has a back focal length (BFL) of 87.8 mm, a diameter of 30 mm, and a focal length (FL) of 100 mm. As for doublet lens2, the doublet lens2 has the same optical characteristics as the doublet lens1. The numerical aperture (NA) of the SMF is 0.14, and thereby the diameter (d) of the laser beam is:
Since that the diameter of the doublet lens1 (30 mm) is larger than the diameter of the laser beam (28 mm), yet the coupling loss between the laser beam and the doublet lens1 is small (∼2.6 dB). This lens has a spatial frequency cutoff (SFC) and a corresponding beam radius (r). The connection between the SFC and the corresponding beam radius (r) is given by:
And further, the divergence of the objective lens (θ) is:
Over a 100-m (L) FSO delivery, the spot size (ω o ) has become
Since that the diameter of the doublet lens2 (30 mm) is larger than the spot size (28.9 mm), yet the coupling loss between the laser beam and the doublet lens2 is small (∼2.8 dB) . The FSO delivery is to implement the free-space link adopting a pair of doublet lenses with SMFs. Propagating a laser beam through the free-space between the doublet lenses enacts the FSO delivery to operate as if the fibers were connected.
For multiple optical sidebands with wavelengths of λ i , λ j , and λ k (λ k > λ j > λ i ), the distortion produced by the beating among multiple optical sidebands could be located at 2λ i , 2λ j or 2λ k (second-order harmonic distortion); λ k ± λ j , λ k ± λ i or λ j ± λ i (second-order intermodulation distortion); 3λ i , 3λ j or 3λ k (third-order harmonic distortion); and λ k ± λ j ± λ i , 2λ k ± λ j , 2λ j ± λ k , 2λ k ± λ i , 2λ i ± λ k , 2λ j ± λ i or 2λ i ± λ j (third-order intermodulation distortion). All these distortions will degrade the transmission performances of systems. By adopting one optical carrier transmission scheme, given that only one optical carrier exists, the distortion produced by the beating among multiple optical sidebands will not exist.
For downlink delivery, the BER values of 20 Gbps data stream (obtained from 20 Gbps/50 GHz MMW data signal) for the conditions of back-to-back (BTB), system I (one optical carrier), and system II (multiple optical sidebands) are displayed in Fig. 4(a) . For 10 −9 BER operation, there is a large power penalty of 8.3 dB between BTB and system II. For 10 −9 BER operation, nevertheless, there is a power penalty of only 4 dB between BTB and system I. Furthermore, the BER values of 10 Gbps data stream (obtained from 10 Gbps/20 GHz MW data signal) for the conditions of BTB, system I (one optical carrier), and system II (multiple optical sidebands) are displayed in Fig. 4(b) . For 10 −9 BER operation, the received optical power of system II is largely increased to 7.8 dB, compared with BTB. For 10 −9 BER operation, the received optical power of system I is only increased to 3.8 dB, compared with BTB. Large power penalties of 8.3 dB [see Fig. 4(a) ] and 7.8 dB [see Fig. 4(b) ] chiefly result from dispersion effect induced by a 40-km SMF transportation, distortion produced by the beating among multi-sideband, and optical signal-to-noise ratio (OSNR) degradation because of 100 m FSO delivery. The noise increases with increasing FSO link since other lights from the surroundings are also detected by the PD and amplified by the LNA. The BER performance decreases with decreasing OSNR. Moreover, large power penalty improvements of 4.3 dB [see Fig. 4(a) ] and 4 dB [see Fig. 4(b) ] result from the use of one optical carrier transmission scheme to reduce dispersion effect caused by a 40-km SMF transportation and distortion produced by multi-sideband. Using one optical carrier transmission scheme, dispersion and distortion induced by systems are suppressed dramatically, thereby resulting in large BER performance improvements.
For uplink delivery, the BER values of 20 Gbps data stream (obtained from 20 Gbps/50 GHz MMW data signal) for BTB, system I (one optical carrier), and system II (multiple optical sidebands) conditions are displayed in Fig. 5(a) . For 10 −9 BER operation, there is a large power penalty of 8.6 dB between BTB and system II. For 10 −9 BER operation, nonetheless, there is a power penalty of only 4.2 dB between BTB and system I. Furthermore, the BER values of 10 Gbps data stream (obtained from 10 Gbps/20 GHz MW data signal) for BTB, system I (one optical carrier), and system II (multiple optical sidebands) conditions are displayed in Fig. 5(b) . For 10 −9 BER operation, Fig. 4 . For downlink delivery, (a) the BER curves of the 20 Gbps data stream for the conditions of BTB, system I (one optical carrier), and system II (multiple optical sidebands); and (b) the BER curves of the 10 Gbps data stream for the conditions of BTB, system I (one optical carrier), and system II (multiple optical sidebands). 
Conclusion
A flexible two-way PM-based fiber-FSO convergence system employing one optical carrier transmission scheme and VCSEL-based TOBPF is proposed. The demonstrated two-way fiber-FSO convergence system is aimed at the downlink and uplink deliveries of 10 Gbps/20 GHz MW or 20 Gbps/50 GHz MMW data signals. This study is the first to adopt one optical carrier transmission scheme and VCSEL-based TOBPF in a flexible two-way PM-based fiber-FSO convergence system. By way of one optical carrier transmission, dispersion effect caused by a 40-km SMF transportation and distortion caused by beating among multi-sideband are suppressed effectively.
Employing a VCSEL-based TOBPF, the selected optical signal is dynamically acquired from one of the phased-modulated optical signals. A competent BER value of 10 −9 is achieved via a 40-km SMF transportation with a 100-m FSO delivery. This proposed flexible two-way fiber-FSO convergence system is excellent for integrating the fiber backbone and last-mile applications.
